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Btepkarisma undulans possesses  what  appears to be a  unique  intracellular 
pigmentary system which sensitizes it to light.  Some features of the effects 
of light on this form have been already explored (Giese,  1938, 1946): only well 
pigmented  animals  are  killed  and  only by high  intensities  of visible  light. 
Colorless animals, bleached by long exposure to light of low intensities, are not. 
The colored animals exposed to light after careful exclusion of oxygen are also 
not killed.  These experiments suggested that killing is the result of photooxida- 
tion.  If the process were a photooxidation, it should be possible to demonstrate 
an increase in oxygen consumption when a culture of Blepharisma is illuminated. 
Such proves to be the case as demonstrated in this report. 
Materials and Methods 
Blepharisma was grown in the manner previously described (Giese, 1946).  Animals 
from vigorous  cultures  were  concentrated by centrifuging  gently at  about  10  × 
gravity.  They were pipetted into a  Cartesian  diver  of a  special design to give in- 
creased sensitivity  and  operated  with  a  modified technique  (Zeuthen,  1948).  One 
diver  was used  for the entire  series of experiments  reported  here.  The diver  was 
kept balanced  or nearly balanced  at all times;  therefore  it remained  in view of the 
horizontal microscope and observations of the condition of the animals could be made 
at any time desired.  In other words the gas volume was kept constant, the pressure 
being regulated  by a manometer.  In these experiments  the blepharismas  were kept 
under almost constant observation.  The diver was made so as to float with the bulb 
upwards as shown in Fig. 1.  This is desirable in any experiments where the animals 
are likely to be injured  because even if they were to fall to the bottom of the culture 
medium containing them, they would not be removed from the source of oxygen since 
they would come to lie in the meniscus between the air bubble and the water.  The 
air bubble is just big enough to effect a complete separation  between the culture  me- 
dium containing  the animals  and the alkaline  neck seal  (in several  different  ways, 
described later, we have made certain  that there is no leakage  between  the two). 
As the animals swim in the diver they stir the medium continuously  thus aiding the 
process of diffusion and making an adequate supply of oxygen available to animals 
removed from the meniscus. 
* This work was carried out during tenure of a Fellowship of the John Simon Gug- 
genheim Foundation. 
$ On leave from the University  of Copenhagen,  Denmark.  This work was per- 
formed during tenure of a Rockefeller Foundation Fellowship. 
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In a few of the early experiments the diver was filled with tap water and the blepha- 
rismas were pipetted into  this.  The  blepharismas  remained healthy in the diver, 
but in all subsequent experiments the diver was filled with culture medium which 
contains balanced salts and a 0.005 M phosphate buffer at pH 7.0 and is more constant 
in composition.  Then a  1.10 #I. air bubble was pipetted into the diver displacing 
the fluid, leaving about  100 blepharismas in about  1.5 #1. in the bulb of the diver. 
Next the neck fluid was made alkaline with 0.1  ~  NaOH.  The glass stopper which 
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FIG. 1.  The special Cartesian diver used in the experiments.  In most of the ex- 
periments a longer tail was used.  The diver bulb measured 1.75 by 0.91 ram.  The 
air bubble was 1.43 ram. long, the stopper was about 8.60 ram. long of which 3.50 ram. 
was inserted into the flask.  The inner diameter of the neck of the flask was 1.06 ram. 
prevents diffusion of gases from the flotation chamber to the diver was then inserted 
and the diver pipetted into a flotation chamber filled with 0.1 ~i NaOH. 
Before proceeding with the experiments it was necessary to study the behavior of 
an  empty diver as a  control before, during, and  after illumination.  An  "empty" 
diver is filled with the same solutions as used in experiments but it is without animals. 
If the light or the heat generated by absorption of light were to produce large pressure 
changes, the diver would not  be  suitable for  photobiological experiments.  Fortu- 
nately these pressure changes are small and actually in reverse of the changes produced 
by respiration.  That is, light causes a  pressure increase in the gas space whereas 
respiration resulting from oxygen consumption results in a decrease in pressure in the ARTHUR  C.  GIESE  AND  ERIK  ZEU~ItfEN  527 
gas space.  This is shown in Fig. 2.  The beginning and the end of illumination are 
shown by dotted lines.  These changes were even more strikingly shown when the 
diver was filled with India ink which absorbs almost completely the light falling upon 
it.  In this case the excursions were of much larger order but still in the same direction 
as in the control.  In both cases it was noted that shortly after the light was extin- 
guished a  pressure decrease about equal to the pressure increase at the start of il- 
lumination occurred.  This may be seen in Fig. 2.  We may conclude that the changes 
in pressure caused by the heating of the diver were so slight as to be negligible in 
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FIG. 2.  In A  are shown the period of equilibration and the effects of brilliant il- 
lumination on an "empty" diver.  The diver in this case is filled with the solutions 
such as are used in experiments but lacks the animals.  In B the diver used was filled 
with Higgins India ink.  This gives a  very strong absorption of light exaggerating 
photic effects.  In addition, in order to exaggerate the effect the light was moved as 
dose as possible--8 inches from the diver. 
irradiation experiments where the cha.uges are very large.  Illumination of the com- 
pensation bottle or other parts of the equipment with intense light did not cause notice- 
able variations in the movement of the diver.  Therefore stray light of low intensity 
ordinarily falling on parts of the equipment other than the diver and diver chamber, 
does not vitiate the experiment. 
Fig. 2 shows another point of interest in technique.  It will be noted that the curve 
fails rapidly from the initial reading until about 30 to 40 minutes later.  This is the 
period of equilibration during which the gas in the air space and the fluid in the diver 
are coming into equilibrium.  Such a period was always observed both in the diver 
with and  without  animals.  All the experiments were  performed after this  period 
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For illumination a G. E. 100 watt mercury spoflamp was used, a voltage regulator- 
transformer serving as a source of power.  This lamp gives a  powerful spot of light. 
Since considerable heat is also present it is necessary to use a filter interposing at least 
4  inches  of water.  In  practice a  heat-absorbing M/40  CuS04  water  cell about  3 
inches thick was used.  At the same time this cell reduces the intensity of light by 
about 31 per cent.  In addition to this filter the water in the water bath in which the 
diver was contained served to dispel the heat.  In some experiments a  ~  inch cell 
containing 10 per cent NaNO8 to cut out long ultraviolet radiations was used in addi- 
tion.  This  reduces the light intensity by about  13  per cent.  In all cases unless 
otherwise noted a  Coming No. 3389  filter which reduces the light by about 35 per 
cent was used.  When all three filters are used together the light intensity is reduced 
to about one-half of the original intensity.  The Coming filter No. 3389 has a cut-off 
at 410(O; therefore in all cases the cells were exposed to visible light only.  The in- 
tensity of the light was determined with a thermopile calibrated against U. S. Bureau 
of Standards standard lamps.  The intensity was of the order of 1000 ergs/mm.2/sec. 
at a distance of 16 inches.  In most of the experiments the lamp was kept at 12 inches 
and in a few at 8 inches.  The intensities might be calculated on the basis of the in- 
verse square law but this is a  rough estimate since the light source is large.  Using 
a  Western photronic cell the increase in intensity of the light source from 18 to  16 
to 12 to 8 inches is indicated to be:  1:1.2:2.2:3.7. 
The experiments were done in a thermostat kept at a relatively constant tempera- 
ture by running sea water.  The temperature generally remained constant for several 
hours; on some days a slight drift of 0.1°C. per hour occurred as the sea water in the 
storage tanks warmed up during the day.  Such slight changes did not interfere with 
the  experiments.  A  slight  drift is  preferable to  a  standard  temperature  bath  in 
which  alternate heating  and  cooling produce  oscillations which  set  up  disturbing 
convection currents in the flotation vessel.  The temperature for the entire period 
of experimentation varied between 14.3 to 17°C. as the ocean water warmed up during 
the summer months. 
The light in the room in which the experiments were performed was reduced to a 
minimum by drawing the shades.  Since light of even much higher intensity than 
that of the diffuse light of a room so darkened seems to have little effect on the oxygen 
consumption  of Blepharisraa (see  Fig.  3),  these  precautions  were  considered ade- 
quate. 
EXPERIMENTAL 
The increase in oxygen consumption of Blepharisma on illumination was ap- 
parent from the very first trials made.  However this was observed only when 
the intensity of the light was high.  When by the use of screens or by movement 
of the lamp the intensity of the light was reduced to ~  no measurable increase 
in oxygen consumption was observed.  When the screens were removed, how- 
ever, a striking and unmistakable increase of oxygen consumption was observed, 
after which it fell.  During this period of rapid consumption the anlmals were 
injured,  died, and burst,  liberating their contents.  The  data for one of the 
experiments are graphed in Fig. 3. ARTIiuK  C.  GIESE  AND  ERIK  ZEUTHEN  529 
If the animals were illuminated for a long time at a light intensity lower than 
that at which injury or death occurred, they showed signs of bleaching.  When 
the light intensity was subsequently raised, the oxygen consumption increased 
some, but not as strikingly as described above.  In some experiments bleach- 
ing, on exposure to high intensity of light was observed, and, by the time death 
occurred, it seemed complete.  In other experiments little bleaching was ob- 
served.  Unfortunately it was not possible to have a continuous supply of ani- 
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FIG. 3.  The rise in oxygen consumption  on bright illumination  (12 inches) of a 
diver filled with highly pigmented blepharismas.  Relative rate of oxygen consump- 
tion is given in  centimeters  excursion of manometric  fluid per  minute.  Absolute 
values could be determined from these values but in absence of precise data on the 
amount of protoplasm  involved this was not considered worthwhile.  "Dim light" 
is the light of a Spencer universal microscope lamp No. 353. 
mals of the same degree of coloration.  The amount of pigments present at the 
beginning and perhaps other factors such as the age of the culture employed  may 
account for these differences in behavior. 
If the pigment in the cells is the photodynamic sensitizer as is indicated by 
the fact that bleached blepharismas are not killed when exposed to intense 
visible light (Giese,  1945),  then illumination of the bleached cells should not 
result in an increased oxygen consumption.  In Fig. 4 are shown the results of 
illumination of partially bleached animals (24 hours' exposure to the light of a 
6 watt daylight fluorescent bulb) and in Fig. 5 for rather thoroughly bleached 
animals (48 hours' bleaching).  The results indicate that when some pigment 530  PHOTOOXIDATIONS  IN  PIGMENTED  BLEPHARISMA 
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FIo. 4.  Increased oxygen consumption of partially bleached blephaHsmas (bleached 
for 24 hours).  Rate measured as in Fig. 3. 
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FIG. 5.  The increase  in oxygen consumption of relatively bleached  blepharismas 
(bleached 48 hours)•  Rate measured as in Fig. 3.  The "C" filter referred to is the 
Coming  No.  3389 filter which  cuts  out  the  ultraviolet  radiations.  Stimulation 
following removal of this falter may be due to increased intensity of light or to the long 
wave length ultraviolet added. 
is present, as in the partially bleached cells, a slight increase in oxygen consump- 
tion is obtained (Fig. 4); however when bleaching is more thorough, even in- 
tense light has only a very slight effect (Fig. 5). 
Even though the bleached cells are not injured by intense light they show 
some signs of stimulation by the light.  Thus, if they have become sluggish and ARTHUR  C. GIESE AND  ERIK ZEUTIIEN  531 
have settled on the meniscus, light stimulates them to more rapid swimming, 
and a  small increase in oxygen consumption is found. 
An even more dramatic demonstration that BIepharisma is not injured or 
killed by light except in the colored state is demonstrated by irradiating a mix- 
ture of the bleached and colored individuals.  Illumination brings about rise 
in oxygen consumption and only the colored animals are injured and killed.  As 
they cytolyze they leave behind only the bleached animals which seem to be 
unaffected by the fragments of their colored fellows.  The behavior  of the 
bleached individuals is apparently not much affected by the presence of any of 
the materials released by the cytolysis d  the colored ones. 
At the beginning of the research the question arose as to whether the alkali 
might perhaps creep as a result of illumination, killing the animals and causing 
the rise in oxygen consumption.  Since illumination of bleached animals results 
in only a small increase in oxygen consumption without injury to the animals, 
there could have been no creeping of alkali.  The sdective killing of the colored 
animals, when mixtures of the colored and bleached ones were exposed to light, 
is further confirmation of the effect d  light not alkali. 
Is the increase in oxygen consumption due to acceleration of the respiration 
of the animals or is it due to initiation of photooxidations extraneous to life? 
If it is due to action on the enzyme systems then it should not show up on illu- 
mination of animals killed by heat.  If it is due to photooxidations extraneous to 
life, the increase of oxygen consumption should show up even with heat-killed 
cells, so long as the pigment is present.  To test this, a concentrate of animals 
was immersed in boiling water for one-half minute.  The red bodies d  the ani- 
mals and the pinkish fluid were pipetted into the diver.  The preparation in 
the dark showed no respiration, as might be expected.  The very small excur- 
sions of the manometric fluid due to minor changes in pressures were observed, 
comparable in magnitude to those of a diver devoid of animals (compare to Fig. 
2)  showing that the pigment carried on no oxidation in the absence of light. 
Illumination was followed by an increase of oxygen consumption like that found 
with the colored living animals.  This rise is followed by a rapid decline, then 
a much slower decline, as seen in Fig. 6.  Since the curve shows a rather strik- 
ing break, it was thought at first that two reactions were involved, the first 
being the oxidation of the dyestuff in solution, the second d  that in the corpses 
or dee rersa.  An attempt was made to test the latter possibility by using only 
the supernatant fluid after a heat extraction.  Since the same sort of curve is 
obtained in this case as well, the simple explanation obviously does not hold. 
The slow oxidation in both cases may be one of the secondary reactions after 
the pigment first reacts with oxygen. 
When the light striking the solution of the pigment is suddenly intercepted, 
the rate of oxidation falls quickly to a very low value.  Illumination again is 
followed by a rapid rise of oxygen consumption.  The oxidations are therefore 532  PHOTOOXIDATIONS IN PIGMENTED BLEPHARISMA 
most likely photooxidations, not merely initiated by light, but dependent upon 
light  for  their  expression.  Since  it  is  impossible  to  work  in  a  completely 
darkened room, the low oxidations continuing when the intense light is cut off 
may be due to the small amount of light reaching the pigment from the diffuse 
light in a room darkened by drawing ordinary window shades. 
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FIc. 6.  The oxygen consumption of a suspension of dead bodies and a solution of 
pigment extracted  from a concentrate of animals  immersed in boiling water for half 
a minute.  Note that the curve shows a rapid drop for a short time then a much slower 
decline  suggesting two separate  reactions.  Rate of oxygen consumption measured 
as in Fig. 3.  It is probable that the number of bodies is much greater than the num- 
ber of live animals pipetted into a diver since it is much easier to pick up dead ones. 
Unfortunately they were not counted. 
Since pigment extracted by heat treatment might contain protein in addition 
to the colored material, extraction by alcohol was resorted to.  This should get 
rid of most ff not all the protein since only the plant proteins known as gliadins 
are soluble in alcohol (80 per cent).  A concentrate from a blepharisma culture 
was therefore extracted with absolute ethyl alcohol, the solution was dried by 
slight heating in a water bath, and the dried material was redissolved in absolute 
alcohol.  It  was  put  in  the  diver  and  an  air  bubble  added  in  the  usual 
way.  The diver chamber was filled with absolute alcohol and after  equilibra- 
tion the solution was illuminated.  A rise of oxygen consumption was observed 
also in this case.  This indicates that the pigment in this state will photooxidize. 
Cessation of illumination stops the oxidation.  In another experiment the diver 
was filled with concentrated eosin which acts as a photosensitizer in general and 
illuminated.  Measurements indicated an oxygen consumption during illumina- ARTHUR  (2.  GIESE  AND  EKIK  ZEUTHEN  533 
tion.  The pigment from Blepkarisma therefore resembles eosin in this respect 
at least. 
Two variables which were not adequately studied might be fruitfully  pursued: 
the effect of pH and the depth of coloration of the animals on the course of the 
reactions.  The two seem to be interrelated to some extent.  The depth of 
coloration appears to be largely a  function of age of the population, since a 
vigorous rapidly increasing culture is generally light in color even though it is 
kept in the darkness.  Only as the bacterial food is depleted and the static state 
of a culture is achieved does the deep red color develop.  Although pigment acts 
as a  sensitizer and although presumably more pigment per unit protoplasm 
would appear to be present in the deeply colored animals, their resistance to 
light is greater than that of lighter individuals from an active culture.  There 
is also a greater spread in sensitivity in the older population, an observation not 
uncommon in studies on resistance of protozoan and bacterial populations to 
various factors.  The pH of a culture is another variable of importance.  Ani- 
mals from an older culture resist light exposure about twice as well when placed 
in fluids buffered at a low pH (5.1) as at a higher pH (8.0).  This is especially 
true if carbon dioxide is first bubbled through the droplet or bubbling continues 
at a  low rate during exposure.  These relationships can probably be studied 
more readily by techniques other than the Cartesian diver.  However one ob- 
servation with the diver should be mentioned here as pertinent to the discus- 
sion.  When the alkali was omitted from the diver in a few experiments, it was 
observed that the increases in oxygen consumption and the injurious effects  of 
light were much less striking especially in old cultures.  1  In the diver under 
these  conditions  carbon  dioxide  is  bound  to  accumulate  and  the  pH  of 
the slightly buffered (0.005 ~  phosphate) culture medium may change.  This 
change may protect the animals from the radiations. 
DISCUSSION 
The present work demonstrates that upon illumination of colored blepharis- 
mas, a great burst in oxygen consumption occurs.  During the period of greatly 
increased oxygen consumption the animals are killed and cytolyzed.  Only a 
small increase in oxygen consumption occurs if the animals are first bleached, 
the increase being greater the less the degree of bleaching. 
Experiments show that even if the animals are first killed with heat, illumina- 
tion of their corpses and the fluid in which they were heated brings about a large 
oxygen consumption.  The increased consumption of oxygen is therefore not 
due to an effect on the enzymes but to oxidations extraneous to life.  In fact it 
will occur in the aqueous extract (heat) or alcoholic extract of the animals in 
the absence of their bodies.  Cessation of illumination is followed by a  great 
drop in the oxidation rate.  Re-illumination again raises it.  The oxidations 
are  therefore photooxidations occurring during  the  illumination of  the pig- 
ment(s). 
x  Even under these circumstances the animals may be killed by very strong light. 534  PHOTOOXIDATIONS  IN  PIGMENTED  BLEPHAKISMA 
The phenomenon seems in general to resemble the photodynamic effects of 
various fluorescent dyes, except that in Blepharisma the dye is present in the 
cell.  Thus Wohlegemuth and Szorenyi (1933) state that blood cells and tis- 
sues showed an increased "respiration" during illumination, if a photodynamic 
substance was present, and that this increased oxygen uptake was due to the 
extraneous photooxidation of cell materials since even boiled cells showed the 
same phenomenon.  This,  however,  was not found to be  the case  in yeast 
(Freeman and Giese, unpublished).  It would seem that the photooxidation 
produces  something which is harmful to the cells.  This is surmised from the 
fact that the division of cells continuously subjected to weak light is retarded 
(Giese,  1946).  However  the injury is not very serious since the cells go on 
dividing and under appropriate conditions  they conjugate (Giese, 1938).  As 
shown in the present work partially and even rather completely bleached cells 
show some increased oxygen consumption and they move about more actively 
after illumination yet even intense light does not kill them.  Whatever injury 
occurs is insufficient to produce visible effects.  Even deeply pigmented cells 
subjected to less than the full intensity of light may show increased respiration 
without visible injury.  It would seem that only when the formation of the 
photooxidative products reaches a certain rate are the cells adversely affected. 
The photodynamic dyes such as eosin may act in either of two ways: (1) the 
pigment might be attached to a protein.  On becoming activated by absorption 
of light energy, it transfers its energy to the protein, which then reacts with 
oxygen; (2) the pigment itself might become activated and oxidized and thereby 
acquires the ability of oxidizing the protein.  The protein breakdown, however 
it occurs, is considered the fatal process (Blum, 1941). 
The experiments  on Blepharisma show only that an oxidation is involved in 
killing  by light as indicated by the increased  oxygen consumption in bright 
illumination, and while some support for each of the two possibilities, listed for 
the mechanism of action of photodynamic dyes in the paragraph above, may be 
found in the experiments  on Blepharisma, the data do not permit a choice be- 
tween them.  Thus the pH sensitivity of the killing by light suggests the first 
possibility, namely a union of pigment and protein but it may also be explained 
by the dissociation of the dye molecule itself.  Also the fact that the bleached 
animals are unharmed when irradiated in a mixture with a high concentration 
of colored ones, even when the latter burst and liberate their contents, might be 
interpreted as indicating a non-penetrating toxic proteinous complex with the 
dye.  However,  the bleached  animals may survive merely because  the toxic 
substances liberated by the colored ones never reach the threshold concentra- 
tion in the surrounding medium necessary for injury and not because these sub- 
stances fail to enter.  The fact that the pigmented animals must be distinctly 
reddish to be affected by light indicates the importance of the concentration 
factor.  On the other hand the second possibility above is supported by the 
fact that the colored protein-free alcoholic extracts of Blepharisma take up oxy- ARTHUR C.  GIESE AND EKIK ZED'I'IiI~N  535 
gen on illumination, indicating that something other than the protein, and per- 
haps the pigment itself, is oxidized in the light. 
The presence of pigment in a  cell does not necessarily mean that it will be 
photosensitive.  Thus Holosticha rubra while possessing a brownish red pigment 
is neither bleached nor injured by exposures to light of the intensity used on 
Blepharisma in the present instance (Giese,  1946).  A similar negative result 
was found recently with Fabrya salina,  a  black brine pool ciliate.  A study 
of the types of pigments and their attachment in the cells reacting in different 
ways might give further clues as to the way in which the pigment of Blepharisma 
produces its effects. 
The significance of the pigment in the metabolism of Blepharisma is still with- 
out explanation.  Experiments show that  this pigment is oxidized in light. 
It may also be oxidized reversibly in the dark and constitute a useful redox sys- 
tem.  In bright light, however, it oxidizes some vital cell constituent(s) re- 
sulting in death. 
SUMMARY 
I.  Blepharisma  undulans,  a  protozoan with a  reddish pigment,  shows in- 
creased oxygen consumption under the influence of light. 
2.  If the light intensity is high, the animals are killed during a burst of oxygen 
consumption. 
3.  If the blepharismas are first bleached by exposure to light of low intensity 
they show only slightly increased oxygen consumption under the influence of 
light and they are not killed. 
4.  A preparation in which the animals are killed by heat still shows the in- 
crease in oxygen consumption on illumination with brilliant light.  The super- 
natant solution does so as well, as does an alcohol extract of the dye. 
5.  The conclusion is drawn that the blepharismas are killed during photooxi- 
dation of the pigment, but the mechanism of action is not clear.  Several possi- 
bilities are considered in the discussion. 
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